D the past four years it has been observed that the rising time and the peak tension of the twitch of the in sitzc rat triceps surae were slightly greater in experiments carried out in the winter than in those done in the summer. The room temperature was about 26" C. in the winter and about 31' C. in the summer. An effect of temperature changes on the modification of twitch response in the leg muscle suggested itself because it seemed likely that the temperature of anaesthetized animals may decrease more in the cooler room. No report on the effects of temperature changes on twitch tension of in situ mammalian muscle was found in the literature. However, it was found that an observation (I) on the effects of cooling on the isolated nerve-diaphragm preparation of the rat had been made. In the fatigued preparation cooling increased the rising time, tension and action potential duration in response to single indirect shocks. The increased duration of action potential produced by cooling skeletal muscle (2) is of interest in the present report because it has recently been shown (3) that the potentiation of tension and the increase of rising time of the twitch in rats given intraperitoneal injection of KC1 are accompanied by an increase in duration of the action potential. The present study was begun in order to determine the changes in mechanical and electrical response of in situ rat muscle induced by lowering the temperature approximately IO' C. below normal. Discrepancies between our findings and the observations (4, 5> on isolated frog muscle suggested that experiments on frog muscle with intact circulation should be carried out. A preliminary report on this study was made before the American Physiological Society at the meeting in Minneapolis in September, 1948.
D the past four years it has been observed that the rising time and the peak tension of the twitch of the in sitzc rat triceps surae were slightly greater in experiments carried out in the winter than in those done in the summer. The room temperature was about 26" C. in the winter and about 31' C. in the summer. An effect of temperature changes on the modification of twitch response in the leg muscle suggested itself because it seemed likely that the temperature of anaesthetized animals may decrease more in the cooler room. No report on the effects of temperature changes on twitch tension of in situ mammalian muscle was found in the literature. However, it was found that an observation (I) on the effects of cooling on the isolated nerve-diaphragm preparation of the rat had been made. In the fatigued preparation cooling increased the rising time, tension and action potential duration in response to single indirect shocks. The increased duration of action potential produced by cooling skeletal muscle (2) is of interest in the present report because it has recently been shown (3) that the potentiation of tension and the increase of rising time of the twitch in rats given intraperitoneal injection of KC1 are accompanied by an increase in duration of the action potential. The present study was begun in order to determine the changes in mechanical and electrical response of in situ rat muscle induced by lowering the temperature approximately IO' C. below normal. Discrepancies between our findings and the observations (4, 5> on isolated frog muscle suggested that experiments on frog muscle with intact circulation should be carried out. A preliminary report on this study was made before the American Physiological Society at the meeting in Minneapolis in September, 1948.
METHODS
Male rats, of the Anheuser-Busch strain, weighing approximately 275 gm. were anesthetized with 300 to 350 mg. of sodium barbital per kg. The experiments with the control group of rats were done at room temperature (31" C.). Sixteen rats were placed in a cold room (IO' C.) until the rectal temperature was reduced to about 20' C. Preparation for recording was made after removal from the cold room in 8 animals and the preliminary portion of preparation was made before removal in 5 animals. Three rats were prepared and stimulated in the cold room. The muscle of 3 rats was cooled by placing the leg in a cooling chamber. The triceps surae was pre-
43" SHEPPARD M. WALKER
VOh WI e I57 pared for stimulation and recording as previously described (6) . Action potentials were recorded from the gastrocnemius muscle with a cathode ray oscillograph, one lead electrode being placed in the belly and the other in the tendon of the muscle. The myograms were made with an isometric lever, Determinations of rat plasma K were made with a flame photometer designed by Dr. Theodore Weichselbaum and Dr. P. I,. Barney.
The gastrocnemius muscle of the&frog was cooled by placing the leg in Ringer's solution maintained at the desired temperature with a water bath, the hind legs being immobilized by section of the spinal cord at a level which did not impair breathing.
Some definitions and qualifications of terms employed in the presentation of the results and the discussion are given for purposes of clarification. The expression, membrane 'breakdown,' is used for convenience in reference to changes in the fiber membrane during the passage of the excitation wave. The twitch is the single response of all component muscle fibers to a single indirect shock, the shock strength being 3 to 4 times maximal. The term potentiation designates an increase of twitch tension resulting from increased contraction of the component fibers. Tension is expressed in gm/gm. of fresh muscle; the measurements as cited in this paper refer to developed tension. The resting tension was usually approximately 75 gm/gm. of muscle. The rising time was measured from the beginning of the upward deflection of the record to the peak. The time of half fall was measured from the peak of the tension curve to the point where this curve has returned half way to the initial resting tension.
RESULTS
Observations on the Rat. The rats in group I of table I were removed from the refrigerator when the rectal temperature had fallen to about 2x0 C. and prepared for stimulation at a room temperature approximately 31' C.; these experiments were carried out in August. The records were obtained by the time the rectal temperature had risen to 25' C. to 29' C. A comparison of average values in this group of animals with those obtained in control rats (group 3) shows a 61 per cent increase of peak tension, a marked increase (I&) of rising time and a smaller increase (77%) in time of half fsll in the twitch response of the cooled animals. The rats in grozdp z were par-tially prepared for stimulation before removal from the refrigerator and the records were obtained by the time the rectal temperature had increased to about 22O C. at a room temperature approximately 26' C.;. these experiments were carried out in November. Under these conditions 94 per cent, 423 per cent and 331 per cent increases, respectively, of tension, rising time and time of half fall were induced. The rising phase of the twitch was prolonged more than the falling phase, this difference being more pronounced with moderate cooling, (cf. group I with grozlp 2 in table I and 23 with C in fig. I ).
The myogram in figure IB shows the least potentiation of twitch tension obtained in group I and the myogram in figure IC shows the greatest potentiation obtained in group 2 of table I. These myograms illustrate the progressive slowing of the twitch response by cooling.
The marked difference in duration of twitch response in groups I and 2 of cated by the rectal temperature. Because the animals in group I were prepared for stimulation in a warm room (31' C.) it seemed likely that the muscle temperature may have been much higher than the rectal temperature at the time of recording. In order to follow more closely the temperature changes in the muscle the stimulating and recording apparatus was placed in the refrigerator. In a warm room a series of 3 rats was prepared for stimulation and a small thermometer was placed beside the contralateral gastrocnemius muscle through a small incision near the heel. The animals were then placed in the refrigerator for periodic stimulation and recording.
The results of one of these experiments are shown in figure 2 . The peak twitch tension increased sharply as the muscle temperature decreased from 37" to 30' C., and less rapidly as the temperature fell from 30' C. to 24' C. The decline in rate of potentiation of tension in the lower range of temperature was accompanied by a marked increase in duration of the twitch response. The sharp increase of tension observed in the higher range of temperature was accompanied by a less marked increase in duration of the twitch response. The effects of cooling on the action potential are of particular interest in the experiments done during the progress of refrigeration because it was possible to observe the changes at different temperatures with the recording electrodes in the same position. The duration of the action potential increased slowly at first and then more abruptly as the muscle temperature fell below 32' C. (fig. 2) .
The height of the action potential increased initially but it decreased toward the normal height as the muscle temperature fell below 29" C. The increase in duration of the action potential is very similar to the increase observed during the progress of twitch potentiation induced by intraperitoneal injection of KC1 in the rat (3). It should be noted that the height and duration of the action potential were normal when the muscle was allowed to return to normal body temperature.
The muscle was cooled in 3 rats by placing the leg in a cool chamber (I 7" C.-20' C.) for about 20 minutes. This treatment brought about a 37=f= 4 per cent increase of peak tension, a I 72=fi: 7 per cent increase in rising time, a 30&t 25 per cent increase in time of half fall and a 2531t 34 per cent increase in duration of the action potential. Records from one of these experiments are shown in figure 3 . Although the action potential height was lower in 2 of the 3 experiments at the time maximum gotentiation was attained, the height increased initially in all 3 experiments.
EIects of Local Cooling in the Frog. The results obtained by cooling the in silu gastrocnemius in 3 summer frogs with intact circulation and normal respiration were similar to those obtained in the rat by moderate refrigeration. The average high temperature of the Ringer's solution bath in which the leg was immersed was 27.5" C.; the average low temperature was 14.5' C. Change of the temperature from the high to the low level produced a 401t g per cent increase of peak tension, a 2~0~ 8 per cent increase of rising time and a 154k 30 per cent increase in time of half fall in the twitch response. The records in figure 4 show typical effects of the extreme temperatures on mechanical and electrical responses. Records taken at intermediate temperatures showed intermediate modifications of twitch tension and time course and of action potential duration.
Similar cooling of isolated summer and winter frog gastrocnemii produced varied effects on twitch tension. In 5 experiments the peak tension was decreased and in one it was increased by reduction of the temperature of the bath. The slowing of the twitch was about the same as that observed in the cooled intact frog muscle. Similar results were obtained in in situ muscle of winter frogs; cooling induced a slight decrease of gastrocnemius twitch tension in 3 and a small increase in I of 4 experiments.
Since the plasma K is markedly increased in rats showing potentiation of twitch tension after KC1 treatment (3) the possibility that a shift of K to the extracellular fluid may be responsible for the potentiation of twitch tension in cooled muscle was explored. The average values for analyses of plasma K were 4 It seems unlikely that the 24 per cent increase of plasma K found in rats cooled to 20' C. plays a major role in bringing about the 94 per cent increase of twitch tension in these animals, because a previous study (3) has shown that a 200 surae to single indirect shocks as the muscle temperature was reduced from 37OC. to 24.5"C. and then increased to 37°C. The muscle was cooled by placing the anesthetized animal in a cold room -(ro"C.). The intervals between the recordings were IO minutes in all cases except the first, which was 5 minutes, and the last, which was 75 minutes. The peak tension of the twitch is expressed as gm/gm. of fresh muscle. The recorded action potential height is given in mm.
FIG. 3. EFFECTS OF COOLING
THE LEG in a chamber on the response of the rat triceps surae to single indirect shocks. D: developed tension expressed in gm/gm. of fresh muscle; T, A: rectal temperature before local cooling; B: temperature of the cooling chamber 25 minutes after the leg was inserted; C: rectal temperature after local cooling. 2M: myograms; 2: zero tension; E: action potentials, crease of plasma K concentration resulting from intraperitoneal injection of KC1 produces only a 30 per cent increase of twitch tension. It should be noted, however, that both K treatment and cooling produce prolongation of the action potential and an increase of the ratio of rising time to falling time in the potentiated response of rat muscle to single indirect shocks.
Findings on the effect of temperature on the response of isolated frog muscle to single shocks are contradictory. For example, Gad and Heymans (4) reported that a reductkm of temper&ure from 30" C. to 19' C. induced a decrease of tension. development, while Bernstein (5) found that similar reduction of temperature may either increase or decrease tension development in response to single shocks. Other reports in the literature agree with the findings of Gad and Heymans. The observation in this study that reduction of temperature from 27.5" C. to 14.5' C. increased tl&cll tension of i?z silz'~ muscle in summer frogs, but usually decreased twitch tension of ijz S&L muscle in n-inter frogs and of isolated muscle from summer and winter frogs, suggests that muscle response to temperature changes depends upon the nutritional state of the muscle. The responsible factors are not yet recognized. The potent& tion of twitch tension obtained by local cooling in the rat and in the frog rule out the possibility that the effects of cooling on muscle response are due to metabolic changes induced by refrigeration of the whole animal.
The suggestion in connection with studies on the effects of MC1 treatment, that increased duration of action potential as recorded from a multifibered muscle may be due in part to increased duration of membrane 'breakdown,' is supported by observations on the effects of cooling. Sanderson (2) found that action potential duration is increased and that conduction rate is reduced in the frog sartorius muscle by cooling. On the ba.sis of his observations he suggested that cooling increases the duration of potential disturbance at a given point during the passage of an excitation wave. From the data recently reported (7) on the effect of temperature changes on the conduction rate and spike duration in single motor nerve fibers of the toad it is possible to calculate the change in length of the excitation wave during the passage of an impulse. The wave length was approximately doubled by reduction of the temperature from 25OC. to j" C. The duration of the action potential was increased about 5 times by the same change of temperature. In so far as the findings, for nerve fibers are applicable to muscle fibers these data support the view that duration of membrane 'breakdown' is greater in a cool than in a warm muscle fiber during the passage of an excitation wave. Whether there is a causal relation between in&eased duration of membrane 'breakdown' and increased contraction of muscle fibers? capable of responding with such increase of tension, cannot be decided with certainty. The view that such a causal relation exists is consistent with the findings on the rat and on the in situ summer frog muscle, and can be reconciled with the findings on the n-inter frog muscle and on isolated frog muscle by making the assumption that such mr:scles are incapable of responding with an increased tension.
SUMMARY
Observations were made on the modification of twitch response induced b+-cool--ing the rat triceps surae in sif2t and the frog gastrocnemius both i~z sii'zc and isolated. The rat muscles were cooled by refrigeration of the whole animal or by placing the leg in a cooling chamber. The frog muscles were cooled by placing the leg or the&lated muscle in cool Ringer's solution.
Cooling the rat triceps surae from 37" C. to 24' C. by refrigeration increased twitch tension about So to 90 per cent and increased the duration of the action potential about 300 per cent. The time course of the twitch was increased about 350 per cent. The rising phase of the twitch was prolonged more than the falling phase, this * Jwae f 949   TEMPERATURE  AND TWITCH POTENTIATION  43 5 difference being more pronounced in the case of moderate cooling. Reduction of the temperature of the bathing fluid from 27.5' C. to 14.5" C. induced changes in the twitch response and action potential of the iut sitti gastrocnemius muscle of summer frogs similar to those observed in rat muscle. The same change of temperature usually produced a decrease of twitch tension of in sitlc muscle of winter frogs and of isolated frog muscle. Although the effect of cooling in the rat apparently is not due to a change in concentration of plasma K, moderate cooling and K treatment induce similar changes in time course and tension of the twitch and in duration of the action potential. Support is offered for the view that the duration of membrane 'breakdown' produced by the passage of an excitation wave along the muscle fiber is prolonged by cooling. A causal relation between increased duration of membrane 'breakdown' and increased contraction of muscle fibers is suggested.
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